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I ,  Background  and  Summary 

Collisional  interactions  between  molecules  and  molecular  interactions 
with  infrared  and  visible  radiation  are  of  essential  importance  to  a  large 
number  of  practical  phenomena  and  devices.  Much  is  known  about  the  colli- 
sional  interactions  of  molecules  in  low  levels  of  excitation.  However, 
because  of  the  experimental  difficulties  with  exciting  molecules  to  higher 
levels,  little  is  known  about  how  the  mechanisms  of  molecular  interactions 
change  with  increasing  vibrational  excitation.  In  particular,  very  little 
is  known  about  molecular  interactions  at  the  high  levels  of  excitation 
associated  with  collisions  preceding  chemical  reactions.  It  is  just  these 
details  that  are  important  in  practical  situations  such  as  high  temperature 
environments,  combusting  gases,  chemical  laser  devices  and  the  interaction 
of  laser  energy  with  matter. 

We  have  been  successful  in  obtaining  rotational  collisional  transfer 
rates  in  the  HF  system  and  their  change  with  vibrational  excitation  of  the 
colliding  molecules  [1].  Since  the  reaction  between  hydrogen  and  fluorine 
populates  a  range  of  rotational  levels  in  high  vibrational  states,  this 
system  has  been  of  interest  as  a  chemical  laser  as  well  as  for  fundamental 
reasons.  Vibrational  relaxation  in  HF  and  DF  has  been  studied  by  a  number 
of  techniques  [2].  However,  data  on  rotational  relaxation  from  the  chemi¬ 
cally  populated  levels  is  lacking  [3].  Modeling  has  shown  that  rotational 
relaxation  is  an  important  parameter  in  laser  operation,  particularly  affect¬ 
ing  output  power  [4].  In  the  absence  of  more  sophisticated  analysis,  current 
models  tend  to  include  only  rotation-translation  (R-T)  deexcitation  [5], 
usually  characterized  by  an  exponential  gap  model  [5-7].  However,  the 
results  of  these  studies  show  an  obvious  need  for  a  more  rigorous  determination 
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of  these  R-T  rates,  as  well  as  the  importance  of  including  rotation - 
rotation  (R-R)  energy  transfer  rates. 

An  exact  chemical  model  would  require  the  entire  matrix  of  rotational 

2  3 

relaxation  rates,  a  matrix  of  the  order  of  10  -  10  to  include  relevant 
levels.  Clearly,  the  experimental  observations  of  all  of  these  rates  is 
a  forbidding  and  probably  impossible  task.  We  have  applied  the  Energy 
Corrected  Sudden  (ECS)  [8,9]  scaling  to  the  inversion  of  the  available 
self  and  argon  broadened  linewidths  for  HF  to  obtain  the  dominant  portions 
of  the  rate  matrix  that  are  consistent  with  the  quantity  and  quality  of 
experimental  data.  The  determination  of  any  individual  collisional  tran¬ 
sition  rate  from  a  single  bulk  experiment  such  as  pressure  broadening  has 
been  considered  difficult  in  the  past  because  the  pressure  broadened  line- 
width  is  not  very  sensitive  to  any  one  component  rate.  In  our  approach  to 
the  inversion  of  linewidths  to  yield  state  to  state  rates,  we  are  utiliz¬ 
ing  recently  developed  scaling  relationships  which  fix  the  ratios  of  many 
rates  within  a  family  to  a  fundamental  rate  in  that  class,  e.g.,  rotation- 
rotation  or  rotation-translation  collisions.  A  small  number  of  fundamental 
rates  can  then  be  determined  by  a  small  number  of  independent  linewidth 
measurements.  Also  determined  are  dynamical  factors  which  allow  one  to 
calculate  the  elastic  contributions  such  as  dephasing  and  the  change  in  the 
various  contributions  to  the  linewidth  with  the  vibrational  excitation  of 
the  collision  partners. 

There  are  two  specific  advantages  to  acquiring  state-to-state  rates  by 
this  type  of  procedure.  First,  molecular  beams  or  laser  fluorescence  exper¬ 
iments  are  amenable  to  only  a  limited  number  of  atoms  or  molecules.  Spec¬ 
troscopic  measurements  can  be  done  on  practically  any  species.  Second,  and 
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most  important,  experiments  that  employ  state- to-state  pumping  and  subse¬ 
quent  detection  of  relaxation  can  only  be  employed  for  the  lower  vibrational 
levels  of  only  a  few  molecules  which  have  sufficiently  strong  overtone 
absorption  cross  sections.  One  can  acquire  simple  absorption  spectra  for 
transitions  to  much  higher  states  than  would  be  feasible  for  these  other 
techniques.  Fortunately  in  the  case  of  HF  and  DF,  our  inversion  results  can 
be  directly  compared  with  state- to-state  pump  and  probe  experiments.  Though 
these  are  of  immediate  importance,  the  simple  acquisition  of  rate  data  for 
certain  molecules  is  only  one  goal  of  this  research  program.  It  is  impor¬ 
tant  to  obtain  specific  rates  for  as  many  different  molecules  and  collision 
partners  as  possible  and  tie  these  together  to  obtain  an  understanding  of 
the  observed  trends  in  terms  of  the  fundamental  aspects  of  collision  dynamics. 
The  specific  accomplishments  to  date  on  this  contract  have  been: 

1)  We  have  acquired  overtone  absorption  data  for  the  HC1-HC1  system  and 
have  succeeded  in  learning  how  to  invert  the  pressure  broadened  line- 
width  information  to  obtain  state-to-state  inelastic  rotational  collision 
rates  for  molecule-molecule  systems. 

2)  We  have  taken  the  available  literature  data  for  HF-HF  pressure  broaden¬ 
ing  and  Ar-HF  pressure  broadening  and  inverted  it  to  obtain  specific 
rotational  relaxation  rates. 

3)  We  have  carefully  studied  the  problems  associated  with  obtaining  spectra 
to  the  required  level  of  accuracy  needed  to  study  relaxation  in  the  DF- 
HF  system  and  DF-^  system. 

4)  We  have  constructed  and  are  now  utilizing  a  laser  photoacoustic  system 
to  obtain  linewidth  data  for  the  overtone  bands  of  DF  in  order  to  under¬ 
stand  the  rotational  relaxation  dynamics  of  these  molecules  up  to  the 

v  «  6  state. 
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II.  Progress  Report 

Using  the  experience  that  we  have  gained  in  inverting  HC1  pressure 
broadening  data  to  obtain  inelastic  collision  rates  [9],  we  have  begun  our 
study  of  the  HF  system.  Collision  broadened  linewidths  were  taken  from 
the  literature  for  self-broadening  in  the  fundamental  [10]  through  second 
overtone  bands  [11,12]  in  HF  at  100°C  and  for  Argon  broadening  [13]  in  the 
1-0  and  2-0  bands  at  25°C.  Results  have  been  obtained  for  the  variation 
of  R-R  and  R-T  rates  with  vibrational  excitation  using  the  ECS  scaling  theory 
inversion  procedure.  We  found  that  rotation-rotation  processes  are  dominant 
for  relaxation  in  pure  HF  and  that  these  processes  decrease  with  increasing 
vibrational  excitation  of  one  of  the  collision  partners.  We  also  found  that 
the  contribution  of  rotation-translation  mechanisms  increases  with  increas¬ 
ing  vibrational  excitation  for  both  HF-HF  collisions  and  Ar-HF  collisions. 
Some  of  the  relaxation  rates  that  were  extracted  in  this  manner  are  shown  in 
Figures  1  through  3.  Rotation-rotation  rate  constants  for  collisions  be¬ 
tween  HF  molecules  are  given  in  Figure  1.  These  rates  are  for  collisions  in 
which  one  molecule  is  in  the  ground  vibrational  state.  Curves  are  shown  for 
collision  partners  in  the  ground  vibrational  state  up  to  molecules  in  the 
third  vibrationally  excited  state.  The  curves  are  for  the  particular  R-R 
rates,  k C6j ^ ^ 5j2+l) *  This  rate  is  for  a  molecule  in  j  =  6  going  to  j  =  5  with 
its  collision  partner  in  state  R°ing  to  state  Several  notable  fea¬ 

tures  can  be  seen.  For  ground  state  molecules  the  maximum  rate  is  for  the 
collision  partners  in  32  =  5.  This  is  expected  since  no  energy  need  be  trans¬ 
ferred  to  translation  for  these  resonant  collisions.  As  the  level  of  vibra¬ 
tional  excitation  increases,  the  peak  in  the  rate  curve  shifts  to  smaller  j^- 
This  is  again  attributed  to  energetic  effects.  Due  to  the  variation  in 


Figure  1.  Inverted  R-R  rates  (j ^ *  6, $2  ■*  jj *  5, j2+l)  as  a  function  of 

vibrational  level  in  HF  at  100°C.  Errors  are  j -dependent  and 
are  calculated  via  the  parameter  variation  method  discussed  in 
the  text.  The  error  bars  shown  here  for  n  =  0  and  n*  1  are  in¬ 
tended  to  impart  a  sense  of  the  range  of  the  "experimental" 


errors. 


rotational  spacing  with  vibrational  level,  exactly  resonant  collisions  are 
not  possible  with  5  and  those  collisions  with  j  £<5  are  more  favorable. 

In  general,  off  resonant  rates  are  significant  and  must  be  included  in  any 
modeling  attempts  of  chemical  laser  performance.  The  rise  in  these  curves 
at  =  0  is  a  reflection  of  ,fedge  effects1*  that  are  due  to  the  lack  of  de¬ 
excitation  channels  for  = 

Rotation  translation  rates  k(j^j^-l),  for  pure  HF  and  Ar-HF  mixtures 
are  shown  in  Figures  2  and  3,  respectively.  In  the  case  of  self-broadening, 
R-T  rates  are  less  than  one  half  the  corresponding  R-R  rates.  The  R-T  data 
for  Argon  broadening  at  25°C  are  approximately  an  order  of  magnitude  less 
than  those  for  self-broadening  at  100°C.  They  do,  however,  exhibit  the  same 
qualitative  features  in  that  the  R-T  rates  increase  with  increasing  vibra¬ 
tional  state  of  one  of  the  collision  partners.  This  behavior  can  again  be 
related  to  the  change  in  rotational  spacing  with  vibrational  level.  The 
rotational  constant  and  hence  the  difference  in  adjacent  energy  levels, 
decreases  with  higher  n.  Consequently,  less  energy  must  be  transferred  to 
translation  and  the  process  is  more  favorable. 

Multi-quanta  transition  rates  are  more  difficult  to  extract  than  single 
quanta  rates  for  two  reasons.  Additional  fundamental  rates  and  dynamical 
factors  are  needed  which  require  more  data  of  a  higher  precision  for  a  mean¬ 
ingful  extraction  of  these  parameters  in  the  inversion  procedure.  More  pre¬ 
cise  data  is  also  required  because  these  higher  order  processes  constitute 
a  much  smaller  percentage  contribution  to  the  linewidth  than  the  single 
quanta  dipole  coupled  processes.  We  did  not  attempt  to  extract  the  multi¬ 
quanta  R-R  transition  rates  from  the  pure  HF  pressure  broadening.  We  would 
expect  the  near  resonanc*  Aj  «  2  R-R  collisions  would  be  the  larger  contributor 


j-l)  ,  lO'^cm3  molecule'1  sec 


Figure  2 
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Inverted  ( A j  =  -1)  R-T  relaxation  rates  as  a  function  of  vibra¬ 
tional  level  in  pure  HF  at  100°C.  Errors  are  j -dependent  and 
are  calculated  via  the  parameter  variation  method  discussed  in 
the  text.  The  error  bars  shown  here  for  n*0  are  intended  to 
impart  a  sense  of  the  range  of  the  "experimental"  errors. 


-9- 


to  this  class.  Using  the  ECS  scaling  relations  we  have  synthesized  the 
contributions  of  these  processes  to  the  linewidth  and  have  concluded  that 
the  precision  of  the  available  experimental  data  precludes  a  determination 
of  the  fundamental  rates  for  these  processes.  Our  analysis  indicated  that 
the  Aj  =  1  R-R  rates  extracted  from  the  linewidths  may  be  somewhat  larger 
to  compensate  for  neglecting  the  higher  order  collisional  transitions.  The 
upper  limit  on  the  error  introduced  in  the  R-R  rates  because  of  this  is 
estimated  to  be  15%.  However,  this  will  have  no  effect  on  the  trends  given 
here.  We  feel  that  an  experimental  accuracy  in  the  range  of  1-2%  is  required 
to  obtain  some  of  the  more  significant  higher  order  transitions. 

These  results  are  in  substantial  disagreement  with  the  theoretically 
calculated  rates  of  Wilkins  at  Aerospace  Corporation  [14].  The  latter  cal¬ 
culations  are  both  quantitatively  in  disagreement  and  show  physically  incor¬ 
rect  behavior.  Our  own  relaxation  rates  are  in  much  closer  agreement  with 
the  independent  experimental  measurements  made  by  Hinchen  [15]  at  United 
Technologies  and  Crim  at  Wisconsin  [16]. 
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